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Abstract 
A key to understanding control over mineral formation in mollusk shells is the 
microenvironment inside the pre-formed 3-dimensional organic matrix framework where 
mineral forms. Much of what is known about nacre formation is from observations of the 
mature tissue. Although these studies have elucidated several important aspects of this 
process, the structure of the organic matrix and the microenvironment where the crystal 
nucleates and grows are very difficult to infer from observations of the mature nacre. Here, 
we use environmental- and cryo-scanning electron microscopy to investigate the organic 
matrix structure at the onset of mineralization in the nacre of two mollusk species: the 
bivalves Atrina rigida and Pinctada margaritifera. These two techniques allow the 
visualization of hydrated biological materials coupled with the preservation of the organic 
matrix close to physiological conditions. We identified a hydrated gel-like protein phase 
filling the space between two interlamellar sheets prior to mineral formation. The results are 
consistent with this phase being the silk-like proteins, and show that mineral formation does 
not occur in an aqueous solution, but in a hydrated gel-like medium. As the tablets grow, the 
silk-fibroin is pushed aside and becomes sandwiched between the mineral and the chitin layer. 
Keywords: Biomineralization; Mollusk shell nacre; Matrix macromolecules; Cryo-scanning 
electron microscopy; Silk fibroin 
1. Introduction 
The nacreous layer, or “mother-of-pearl”, is the innermost layer of many mollusk shells. It is 
widely studied as a model for understanding biomineralization processes, because of its 
regular brick wall-like structure. It is composed of polygonal aragonite crystals that are 5–
15 μm in diameter. They are arranged in continuous parallel laminae around 0.5 μm thick, 
separated by sheets of interlamellar organic matrix ([Gregoire, 1957], [Watabe, 1965] and 
[Wise, 1970]). Nacre tablets are single crystals with a sub-structure composed of 30–50 nm 
domains embedded in organic material (Rousseau et al., 2005b). TEM studies of the growing 
nacre have demonstrated that the interlamellar matrix is formed prior to mineral deposition 
(Bevelander and Nakahara, 1969) and that in the mature nacre it is composed of an electron 
lucent layer enclosed by two electron dense layers (Nakahara, 1979). The major component of 
the interlamellar matrix is β-chitin (Levi-Kalisman et al., 2001), whose fibrils are preferably 
aligned in a direction parallel to the a-axis of the juxtaposed crystals, indicating that the 
crystal orientation upon nucleation is governed, either directly or indirectly, by chitin (Weiner 
and Traub, 1984). Levi-Kalisman et al. (2001) were not able to image the other major 
components of the matrix, the silk-like proteins ([Weiner et al., 1983] and [Weiner and Traub, 
1980]), and suggested that they are present in a hydrated gel-like state filling the space 
between two layers of chitin prior to mineral formation. Although preliminary results 
supporting this hypothesis were provided from experiments on mature shells (Addadi et al., 
2006), the involvement of a gel phase in the forming stages still remains to be demonstrated. 
An assemblage of relatively soluble macromolecules forms a third class of macromolecules. 
Many of these are glycoproteins rich in aspartic acid ([Crenshaw, 1972] and [Weiner, 1979]). 
Some of these proteins are adsorbed on the chitin scaffold and constitute the nucleation site of 
the forming tablet ([Crenshaw and Ristedt, 1976] and [Nudelman et al., 2006]). In addition, 
some are able to specifically nucleate aragonite ([Belcher et al., 1996] and [Falini et al., 
1996]). Another group of the aspartic acid-rich proteins are located within the mineral phase 
([Berman et al., 1993] and [Weiner and Addadi, 1997]). Although β-chitin, the silk-like 
proteins and the acidic proteins are considered the major components of the organic matrix of 
the nacre, several other proteins have been identified and characterized over the past 10 years 
for a review on mollusk shell proteins see Marin and Luquet (2004). 
The zone between the mantle and the shell is of much importance for the understanding of 
shell formation. This zone is filled with the extrapallial fluid, into which it is often assumed 
that the matrix macromolecules and the ions necessary for mineralization are secreted by the 
mantle cells (Bevelander and Nakahara, 1969). It has been subsequently surmised that the 
macromolecules self-assemble in the extrapallial fluid to form the organic matrix and later 
mineralization occurs. It is more likely, however, that the mantle cells are juxtaposed to the 
mineralizing matrix where and when shell is produced (Simkiss and Wilbur, 1989). 
Furthermore, a viscous fluid in the space where the nacre tablets form between the mantle 
cells and the nacre surface, was reported (Rousseau et al., 2005a). A fibrous thin organic film 
adhering to the growing mineral surface was also observed in some mollusk species, and in 
many cases it contained associated particles and possibly crystals ([Neff, 1972] and [Waller, 
1980]). In the shell of Mercenaria mercenaria, this layer is observed immediately above the 
microvilli of the mantle epithelium (Neff, 1972). The composition of this film and its 
functional significance are not known. 
The mechanisms of mineral transport to the mineralization site are also an important issue in 
shell formation. Observations of mineral-containing granules within the mantle epithelial cells 
suggest that calcium carbonate is not transported in solution, but as an already formed mineral 
phase (Neff, 1972). The nature of the first deposited mineral phase in nacre—whether 
crystalline or not—is not clear. Weiss et al. (2002) showed that in mollusk larvae, the first-
formed mineral phase is amorphous calcium carbonate (ACC), which subsequently transforms 
into aragonite. Echinoderms and sponges are also known to use an ACC precursor phase to 
form their skeletons and spicules ([Politi et al., 2004] and [Sethmann et al., 2006]). Although 
it is not known whether the same strategy is used in nacre formation, there is some indirect 
evidence that this might be the case. The mineral containing granules observed by Neff (1972) 
did not produce electron diffraction patterns, and therefore could be composed of ACC. 
Nassif et al. (2005) have shown that nacreous tablets of adult mollusk shells are coated by a 
thin layer of ACC, suggesting that this phase is present in nacre. 
The microenvironment formed by the 3-dimensional organic matrix framework is critical for 
proper regulation over mineral formation. Much of what is known to date about nacre 
formation comes from studies of the mature tissue. Although these studies have been 
extremely important, this approach is rather limited as it involves investigating the fully 
formed layer in order to understand its process of formation. In particular, the structure of the 
organic matrix and the microenvironment where the crystal nucleates and grows are very 
difficult to infer from observations of the mature nacre. Hence, the study of a mineralized 
tissue during its formation process is essential. This however is not trivial, and requires the 
use of appropriate methodologies. 
Here, we employed environmental scanning electron microscopy (ESEM) and cryo-scanning 
electron microscopy (cryo-SEM) in order to investigate the space between two interlamellar 
sheets, namely the site where the mineral forms, in the nacre of two mollusk species: the stiff 
pen shell Atrina rigida and the black-lip pearl oyster Pinctada margaritifera. ESEM and cryo-
SEM are two techniques that allow direct observation of hydrated biological materials while 
avoiding demineralization. Cryo-SEM involves the fast-freezing of a sample, exposure of a 
new fracture surface and microscopic observation at −120 °C. This procedure results in the 
organic matrix structure being preserved in close to physiological conditions. It is thus 
suitable for the study of the organic matrix structure at the growth front and for determining 
the spatial relationships between the matrix and the growing and mature nacre tablets. In the 
present study, we confirm the model proposed by Levi-Kalisman et al. (2001), showing that 
the silk-like proteins are present in a hydrogel state, and significantly expand our current 
knowledge of the dynamics of the nacre tablet formation in relation to the organic phase. 
2. Materials and methods 
2.1. Materials 
Atrina rigida (A. rigida) specimens were caught alive on the east coast of Florida and were 
immediately frozen in liquid nitrogen by Gulf Specimen Marine Laboratories Inc (Panacea, 
FL, USA) and stored at −20 °C until removal of the animal, after which they were stored dry 
at 4 °C. Fragments from the nacreous layer were mechanically separated from the prismatic 
layer at the pallial line and extensively washed with Milli-Q water prior to sample preparation 
for electron microscopy. 
Pinctada margaritifera (P. margaritifera) specimens were caught alive in French Polynesia, 
immediately fixed in 4% formaldehyde and 0.5% cetylpyridinium chloride (CPC) and stored 
in fixative solution at room temperature. Before preparation for scanning electron microscopy 
the outer prismatic layer was removed by manual polishing and the fragments were washed 
extensively with Milli-Q water. 
2.2. Enzymatic treatments 
Unfixed nacre samples from the shell of A. rigida and fixed ones from the shell of P. 
margaritifera were subjected to chitinase or protease. Fragments were incubated with 0.2 U of 
chitinase from Streptomyces griseus (Sigma) in 0.05 M phosphate buffer pH 6.3 at room 
temperature for 16 h with shaking. For protease, samples were incubated with proteinase K 
(Sigma) in phosphate-buffered saline (PBS, Sigma) at room temperature for 48 h, and every 
12 h 40 μg of enzyme was added, to a total of 160 μg. 
2.3. Conventional scanning electron microscopy 
Fragments of the nacre from the shell of A. rigida were fixed for 1 h with 4% formaldehyde 
and 0.5% cetylpyridinium chloride at room temperature, extensively washed with Milli-Q 
water and processed for electron microscopy (see below). Alternatively, nacre specimens 
from the shells of A. rigida and P. margaritifera were treated with 6% sodium hypochlorite 
for 5 min at room temperature with gentle shaking. 
Samples were dehydrated in an ethanol series, (50%, 70%, 96%, and 100%), critical point 
dried using a CPD-030 critical point dryer (Bal-Tec, Liechtenstein), coated with 4 nm 
chromium in a K757X Chromium Sputterer (Emitech) and visualized in a high-resolution 
Ultra 55 SEM (Zeiss, Germany) using an in-lens immersed overnight in 10% NH4OH, 
extensively washed with Milli-Q water, fixed with 2% glutaraldehyde for 30 min at room 
temperature and washed with Milli-Q to remove the fixative. Fixed fragments of the nacre 
from the shell of P. margaritifera were extensively washed with Milli-Q water. 
Fragments from both shells a few millimeters in size were mounted under water and 
examined in the environmental scanning electron microscope (ESEM) XL 30 ESEM FEG 
(Phillips/FEI) at 10 kV, using wet mode at 5 °C. Samples were observed as they slowly dried 
at vapor pressure 6 torr. As controls, ESEM observations secondary electron detector. 
2.4. Environmental scanning electron microscopy 
Fragments of the nacre from the shell of A. rigida were were also performed on samples pre-
treated with protease. In that case, nacre fragments were incubated with proteinase K as 
described above. 
2.5. Cryo-scanning electron microscopy 
Fragments of nacre from P. margaritifera were plunged into liquid ethane using a custom 
made spring-loaded plunger, were freeze-dried for 1 h at −105 °C in a BAF 60 freeze fracture 
device (Bal-Tec), coated with 3 nm Pt/C by double axis rotary shadowing and an additional 
layer of 1 nm carbon and transferred to the scanning electron microscope (see below). 
Alternatively, the samples were mounted in an aluminum platelet with a cavity of 200 μm 
deep, filled with either 10% dextran (Fluka) or with 1-hexadecene (Sigma). The samples were 
then cryo-immobilized in an HPM 10 high pressure freezing device (Bal-Tec) and 
subsequently mounted on a holder and transferred to a BAF 60 FF device (Bal-Tec) using a 
VCT 100 Vacuum Cryo Transfer device (Bal-Tec). Frozen samples were fractured at a 
temperature of −120 °C, etched for either 5 or 20 min at −105 °C at vacuum better than 
5 × 10−7 mbar and coated with 3 nm Pt/C by double axis rotary shadowing with an additional 
backing layer of 1 nm carbon evaporated perpendicularly. Samples were transferred to an 
Ultra 55 SEM (Zeiss, Germany) using a VCT 100 and were observed using a secondary 
electron and a backscattered electron in-lens detectors at a temperature of −120 °C. 
 
3. Results 
3.1. The nature of the outermost surface organic layer 
The inner surfaces of the P. margaritifera and A. rigida shells at the growth front are 
composed of numerous growing aragonite crystals that are barely visible, as they are covered 
by a sheet of organic material (Figs. 1A and E). Treatment with sodium hypochlorite removes 
the organic matrix and the growing crystals are clearly exposed (Figs. 1B and F). The terrace-
like mode of growth, characteristic of bivalves, is evident. Furthermore, it is interesting to 
note that while the growing aragonite crystals from the nacre of P. margaritifera are round, 
the ones from the nacre of A. rigida are polygonal in shape. These morphological differences 
may be either seasonal or intrinsic of each species (Wada, 1972). 
The top layer of organic material on the inner shell surface may be nacre interlamellar matrix 
or a different material possibly derived from the mantle cells or from the interpallial or 
extrapallial fluids. It may also conceivably be an artifact of chemical fixation. To establish the 
nature of the outermost organic layer, we treated the samples with chitinase and protease. The 
top layer completely disappeared from the P. margaritifera samples after chitinase treatment 
(Fig. 1C), exposing the underlying mineral in a manner very similar to sodium hypochlorite 
treatment (Fig. 1B). The aragonite tablets from the nacre of A. rigida also became exposed 
after chitinase treatment, although the surface remained full of debris (Fig. 1G). After 
protease treatment, a dense network of fibers covering the growing crystals on the nacre of 
both species was evident (Figs. 1D and H). As the fibers are removed by treatment with 
chitinase, but not with protease, it is clear that they are composed of chitin. We thus conclude 
that the top layer of organic matrix covering the growing aragonite tablets contains both chitin 
in the form of fibrils and protein, and therefore closely resembles the interlamellar matrix. 
3.2. The state of the silk-like proteins in the interlamellar matrix 
The next question we address is whether the proposed presence of the silk-like proteins in a 
hydrated gel-like phase (Levi-Kalisman et al., 2001) as part of the interlamellar matrix, can be 
supported. Following a preliminary experiment (Addadi et al., 2006), nacre fragments were 
mounted under water and observed as they slowly dried at a water vapor pressure of 6 torr and 
5 °C. These conditions correspond to 92% humidity, which is just below the dew point of 
water (6.4 torr at 5 °C). Approximately 1 h elapsed between the mounting and the first image, 
where the nacre surface from P. margaritifera was still almost completely covered with water 
and the aragonitic tablets were barely visible (Fig. 2A). During this time, some material 
occluded between the mineral tablets leached out in the water, as was previously observed for 
A. rigida (Addadi et al., 2006). The pressure was maintained at 6 torr for 30 min, and then 
successively lowered to 5.7 torr (87% humidity) for 30 min and to 5.3 torr (81% humidity) for 
20 min. Water evaporated very slowly and only a few aragonitic tablets were detectable 
beneath a heavily hydrated material (Fig. 2B). Finally, vapor pressure was further lowered to 
4.7 torr (72% humidity) for 30 min until complete dryness. At this stage, a gel-like substance 
covering the aragonite crystals’ surface was evident (Fig. 2C). Similar results were obtained 
from the mature nacre from the shell of A. rigida. After complete drying, the gel-like 
substance formed a film covering the tablets’ edges (Figs. 2E–G). 
Nacre fragments from the shell of P. margaritifera that were pre-treated with proteinase K 
and observed using the same procedure (Fig. 2D) showed very little gel-like material when 
compared to untreated fragments (Figs. 2A–C), while fragments from A. rigida shell were 
completely devoid of organic material (Figs. 2H). Taken together, these observations indicate 
that the material that exudes from the nacre when it is exposed to water is composed of 
protein and behaves as a gel. Based on the data from Pereira-Mouries et al. (Pereira-Mouries 
et al., 2002), these are conceivably the silk-like proteins. 
3.3. The gel phase at the growing edge 
The identification of a hydrated gel-like material leaching out from the mature nacre raised 
the important question of its involvement in the mineral formation stages. For this purpose we 
used cryo-scanning electron microscopy (cryo-SEM). The sample preparation procedure 
involves sample embedding in a non-penetrating medium (dextran, 1-hexadecene) that 
operates as a filler and cryoprotectant. After high pressure freezing of the embedded sample, 
fresh fracture surfaces are exposed while the sample is frozen. A small amount of the ice is 
removed by sublimation in vacuum at −105 °C (“etching”), the frozen sample is coated with 
metal, transferred into the microscope and the frozen coated fracture surface is examined at 
−120 °C. This technique is essential for the visualization of hydrated biological materials, in 
particular gel-phases, as it does not involve dehydration of the sample, which would cause the 
gel to collapse. Rapid freezing ensures the preservation of the organic matrix structures at the 
growth front and their observation in a close to physiological conditions state. It also 
minimizes artifacts due to sample preparation. 
Fig. 3 shows the fracture surfaces of nacre fragments from P. margaritifera using both 
secondary electron (left hand column) and backscattered electron (right hand column). The 
latter is useful for differentiating mineral (high contrast areas) from non-mineral (low contrast 
areas). Figs. 3A–B show a cross-section of the nacre embedded in dextran and etched for 
5 min. The mineral phase in this region is very rough and full of cavities, indicating that these 
layers are not fully formed. Two forming tablets are visible in the top layer of the nacre. The 
spaces surrounding the two tablets are filled with organic material, appearing as dark areas in 
the backscattered electron detector image (Fig. 3B, white arrows). Furthermore, the tablets in 
the underlying layers are not in direct contact with each other or with the underlying and 
overlying tablets, but are separated by organic material in the interlamellar space (Figs. 3A–B, 
white arrowheads). When the nacre fragments were etched for 20 min, the organic material 
surrounding the tablets partially dried and acquired a network-like appearance (Fig. 3C–F). 
Note that the texture of the network does not reflect the original structure of the gel, and it 
may also be influenced by the presence of other solutes including salts. Empty spaces 
remained between the layers of tablets (Fig. 3C–D). In addition, the topmost interlamellar 
sheet that encloses the space where new tablets form and grow is now clearly visible (Figs. 3C 
and E, white arrows). We also note that the observed profile of the matrix section may have 
been influenced by fixation. Figs. 3C–D show that the space between the topmost 
interlamellar matrix sheet and the next sheet is filled by a growing nacre tablet ~ 0.13 μm 
thick and ~ 1.6 μm wide, as well as by organic material. Interestingly, the growing tablet 
shown appears to adhere to the upper sheet of the interlamellar matrix and does not lie on the 
underlying nacre crystal. Figs. 3E–F shows another tablet growing in a space that is partially 
filled with a network-like organic material. This tablet is also attached to the interlamellar 
matrix (arrows) through its upper surface, and does not make contact with the underlying 
tablet. It is possible that these tablets grew off the top interlamellar sheet, or detached from 
the underlying matrix sheet during sample preparation. Furthermore, the growing tablet in 
Figs. 3E–F is very irregular with protruding edges. Since these edges are only approximately 
200–300 nm apart, it is unlikely that they belong to different tablets, formed independently at 
such a short distance from each other. 
The dry, space-filling organic material we observed in the top layer has the same texture as 
the embedding dextran (marked as stars in Figs. 3A–F), making it difficult to be sure that this 
is not an artifact of the embedding process. We therefore also used 1-hexadecene as an 
alternative mounting medium for high-pressure freezing. After drying for 5 min, we observed 
a space-filling organic material in the topmost layer of the nacre (Figs. 3G–H, white arrow). 
The texture of this material is very different from that of the 1-hexadecene (white star), 
demonstrating that it indeed belongs to the nacre organic matrix and is not an artifact of 
sample preparation. A growing tablet is visible, lying on the underlying mineral layer and 
covered by organic material (black arrowhead). 
3.4. Nacre tablet growth 
A comparison between the nacre tablets in the growing front (the 5 or so topmost layers) and 
those in the mature region (15–20 layers below the surface) can provide information on the 
process of tablet growth and organic matrix maturation during mollusk shell formation. In the 
growth front and immediately under it the tablets are very rough in texture and are interspaced 
by a thick layer of organic matrix (Fig. 3 and Fig. 4), whereas in the mature region the tablets 
are smooth and regular and are so close to each other (Figs. 4C–F) that the interlamellar 
sheets between the tablets are barely visible at this magnification. At this stage of growth we 
assume that most of the mineral phase of the tablet is crystalline aragonite. Furthermore, the 
drastic decrease in the thickness of the interlamellar matrix as the nacre tablets mature is 
accompanied by a significant increase in the tablet thickness (Figs. 4A and C). These 
differences are confirmed in the histograms showing the measured distributions of organic 
matrix (Fig. 5A) and tablet thicknesses (Fig. 5B). In the growing front, the organic matrix 
thicknesses ranged from 18 to 157 nm, with an average of 68 ± 29 nm, while in the mature 
region they ranged from 11 to 25 nm, with an average of 15 ± 4 nm. The tablet thicknesses in 
the growth front varied from 206 to 515 nm, with an average of 350 ± 73 nm, while in the 
mature region they varied from 330 to 616 nm, with an average of 460 ± 68 nm. In Figs. 4E–
F, a transition region can be observed, where the interlamellar matrix separating the mineral 
layers can be observed only up to a certain depth in the shell (white arrowheads), after which 
the crystals are in very close contact with each other and no organic matrix is visible between 
them (white arrows). Moreover, all the tablets in this area have the same smooth texture as the 
mature ones shown in Figs. 4C–D. 
A higher magnification view of a region of the growth front, etched for 20 min, clearly shows 
the space between two nacre laminae and the dry organic matrix that fills the space between 
them (Fig. 4G, white arrows) and also permeates the aragonite crystals. Furthermore, a 
relatively thick layer of organic matrix is clearly visible contouring the upper edge of one of 
the crystals (Figs. 4G–H, white arrowheads) and partially filling the space between the two 
nacre tablets. It is interesting that even after prolonged etching at −105 °C the organic matrix 
layer did not dry as a network of fibers, but remained rather compact and solid in appearance. 
This suggests that the material differs from the space-filling material described above. 
4. Discussion 
We show that a hydrated protein phase is present at the site where the nacre tablets form. The 
outermost forming layer is enclosed by a sheet of organic material that is most probably the 
interlamellar organic matrix based on the presence of chitin and protein. We do not know 
whether this layer also corresponds to the thin organic film adhering to the growing mineral 
previously reported by Waller (1980) and others ([Marsh and Sass, 1983] and [Neff, 1972]). 
This layer separates the mantle cells/extrapallial fluid from the mineralization front, creating 
an enclosed space. Thus mineral formation takes place in a preformed compartment, 
consistent with the original observations of Bevelander and Nakahara (1969). 
In light of previous observations that silk fibroin diffuses out of powdered shell suspended in 
water (Pereira-Mouries et al., 2002), it is reasonable to assume that the hydrated protein phase 
we observed in the ESEM and by cryo-SEM corresponds to the silk-like proteins. If so, our 
results corroborate the model of the structure of the nacre organic matrix proposed by Levi-
Kalisman et al. (2001). Most important, our results show that nacre tablet formation does not 
occur in aqueous solution, but rather in a pre-formed hydrated gel-like medium. 
The hydrophobic environment created by the silk-like proteins may play an important role in 
the regulation of the process of mineral formation. It has been demonstrated that these 
proteins are mild inhibitors of calcium carbonate crystallization (Cohen, 2003). It is therefore 
conceivable that one of their functions in vivo is to prevent uncontrolled crystallization, such 
that nucleation occurs only at the crystal nucleation site. Moreover, although the acidic 
proteins from the nacre are able to specifically induce aragonite formation, they are only 
capable of doing so in the presence of the silk-fibroin (Falini et al., 1996). This implies that 
the silk fibroin is essential for creating the appropriate microenvironment for other proteins to 
control polymorph type. 
Our observations show that the tablets grow into the space occupied by the hydrogel phase. 
During their growth, they push aside and compress the space-filling material including the 
silk fibroin-like proteins, which becomes thinner until it is barely detectable between two 
layers of mature crystals. At this stage, it is possible that the silk-like proteins are under 
pressure and hence that is the reason why they spontaneously exude out of the fractured shell. 
The final state of the interlamellar matrix in the mature nacre, is of a layer of silk-like proteins 
sandwiched between the mineral and the chitin sheet (reviewed in Addadi et al. (2006). 
Interestingly, this final state corresponds to the model initially proposed by Weiner and Traub 
(1984) based on analyses of mature matrix sheets. They however inferred that the acidic 
macromolecules were located between the silk fibroin layer and the mineral surface. While 
the silk-like proteins are pushed ahead of the forming tablet, other organic matrix 
components, especially the more charged soluble macromolecules, are occluded inside the 
crystal to become the intra-crystalline phase ([Berman et al., 1993] and [Weiner and Addadi, 
1997]). It is also conceivable that in P. margaritifera, which is known to have an intra-
crystalline organic matrix framework (Rousseau et al., 2005b), some of the silk-like proteins 
might also be incorporated in the intra-crystalline matrix. It should be noted that A. rigida and 
P. margaritifera belong to different taxonomic orders and are not closely related, and 
differences in their organic matrix structures may be present. 
We could also visualize the dynamics of tablet formation and growth. The tablets are not fully 
formed in the most superficial layers (Fig. 3). The fractured tablets have irregular shapes, a 
rough appearance and variable thicknesses. Within 12 or so layers beneath the shell surface, 
the tablet fracture surface is very different (Figs. 4C–F), being smooth and regular. Thus, the 
process of tablet formation implies the need of a constant influx of calcium and carbonate ions 
to the growth front. It is difficult to envision a transport mechanism from the mantle tissue 
that can account for the observation that tablets continue to form several layers beneath the 
growing surface. It would be more likely that during formation of the topmost layer, all the 
calcium carbonate necessary for the formation of a single tablet is packed into the 
mineralization site as the organic matrix is assembled (Addadi et al., 2006). In that case, tablet 
formation from a supersaturated solution would be problematic in terms of the volume of 
solution necessary for providing all the ions, and in terms of the logistics of transporting 
sufficient mineral and removing large volumes of water (Addadi et al., 2006). It is possible 
that the formation of the precursor mineral phase occurs in another tissue and it is then 
transported to the mineralization site. Indeed, Neff (1972) observed mineral-containing 
granules in the apical cytoplasm and microvilli of the mantle cells, suggesting that they are 
transported to the mineralization front. An important question to address is whether or not 
mineral particles are also a major component of the pre-formed silk-like protein gel. Although 
we did not observe any, their absence might be due to the fact that the shells were stored in 
fixative solution prior to the experiment, and the mineral particles, if present, might have 
dissolved. 
It is conceivable that the precursor mineral phase in nacre is in the form of amorphous 
calcium carbonate (ACC), as was observed in mollusk shell prismatic layer ([Nudelman et al., 
2007] and [Politi et al., 2007]), in larval mollusk shells (Weiss et al., 2002) as well as in sea 
urchin larval spicule formation (Beniash et al., 1997). There is indirect evidence that such a 
strategy may account for nacre formation as well. Etched nacre tablets were shown to have a 
texture of 50–100 nm colloidal particles that is typical of crystals grown from amorphous 
precursors (Addadi et al., 2006). Moreover, a 3–5 nm ACC layer coating the surface of 
mature nacre tablets was reported (Nassif et al., 2005). We have also observed an unusual 
material phase between the forming tablet and the organic matrix (Figs. 4G–H, white 
arrowheads), which although composed mostly of organic material, is quite different from the 
separating interlamellar organic matrix (Figs. 4E–F, white arrowheads; G–H, white arrows). It 
is possible that this phase contains mineral that is being incorporated into the crystal in the 
form of ACC as well as macromolecules, and corresponds to the one observed by Nassif et al. 
(2005). 
5. Conclusions 
This is the first time that cryo-SEM is applied to the study of mollusk shell formation. We 
employed this technique to investigate the space between two interlamellar sheets, which is 
the site where the nacre tablets form, at the onset of mineralization. Our results show that the 
nacre tablets do not form in the presence of an aqueous solution, but in a hydrated gel-like 
medium. The ESEM and cryo-SEM results are consistent with this space-filling material 
being the silk-like proteins that create the appropriate microenvironment where the nacre 
tablets form. 
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Figures 
 
 
 
Fig. 1. SEM images of the growing nacre of Pinctada margaritifera (A–D) and Atrina rigida (E–H). 
(A and E) Growth front of the nacre, showing the growing aragonite crystals covered by a sheet of 
organic matrix. (B and F) Growth front after treatment with sodium hypochlorite, exposing the nacre 
tablets. Arrows point to the direction of growth. (C and G) Growth front of the nacre after treatment 
with chitinase. (D and H) Growth front of the nacre after treatment with proteinase K. Sample shown 
in A was plunged in liquid ethane and freeze-dried; samples in (B–H) were critical point dried. 
 
 
 
Fig. 2. Wet-mode environmental SEM (ESEM) images of fracture surfaces perpendicular to the 
lamina of fixed nacre of Pinctada margaritifera (A–D) and Atrina rigida (E–H). (A) Image taken after 
60 min at 6 torr (92% humidity). (B) Image taken after subsequent 80 min with gradual decrease of 
pressure from 6 to 5.3 torr. (C) Image taken at 4.7 torr (72% humidity). (D) Sample pre-treated with 
proteinase K, observed using the same procedure as in (A) and (B). (E–G) Successive observations at 
constant pressure of 5.9 torr (90% humidity). (E) Image taken after 60 min in the microscope. (F) 
Image taken after 65 min. (G) Image taken after 70 min, showing the sample completely dry. (H) 
Sample pre-treated with proteinase K completely dry, observed after only 30 min in the microscope at 
5.9 torr. 
 
 
 
Fig. 3. Cryo-SEM images of a fracture surface of the nacre from the shell of Pinctada margaritifera. 
Samples were high-pressure frozen, fractured at −120 °C and the ice was etched for either 5 or 20 min 
at −105 °C. Left: In-lens secondary electrons images; right: In-lens backscattered electrons images. (A 
and B) Sample mounted in dextran (star) and etched for 5 min. White arrowheads in A and B point to 
the organic matrix between the mineral lamina. White arrows in B point to organic material partly 
covering a growing crystal at the nacre surface. (C–F) Samples mounted in dextran (start) and dried 
for 20 min. White arrows point to the exposed interlamellar matrix. (G and H) Sample mounted in 1-
hexadecene (star) and dried for 5 min. White arrow in G points to organic material at the topmost 
mineral layer; black arrowhead points to a growing crystal. 
 
 
 
Fig. 4. Cryo-SEM images of a fracture surface of the nacre from the shell of Pinctada margaritifera. 
Samples were high-pressure frozen, fractured at −120 °C and the ice etched for 20 min at −105 °C. 
Left: In-lens secondary electron images; right: In-lens backscattered electron images. (A and B) Image 
from the growth front (the 5 topmost layers). (C and D) Image from a mature region (15–20 layers 
below the nacre surface). (E and F) Image from a transition region, where the interlamellar matrix 
between the layers of mineral is visible only until a certain point (white arrowheads), after which the 
nacre tablets are in very close contact with each other (white arrows). (G and H) Image from the 
growth front (the 5 topmost layers). White arrows indicate a dry, network-like organic matrix and 
white arrowheads indicate a dry, compact organic material contouring a nacre crystal. 
 
 
 
 
Fig. 5. Histogram of frequency distribution of the organic matrix (A) and tablet (B) thicknesses at the 
growth front and mature regions. (A) Growth front: N = 59, average ± SD = 68 ± 29 nm; Mature 
region: N = 32, average ± SD = 15 ± 4 nm. (B) Growth front: N = 61, average ± SD = 350 ± 73 nm; 
Mature region: N = 67, average ± SD = 460 ± 68 nm. 
